12 Alterations in protein folding may lead to aggregation of misfolded proteins, which is strongly 13 correlated with neurotoxicity and cell death. Protein aggregation has been shown as a normal 14 consequence of aging, but it is largely associated with age-related disease, particularly 15 neurodegenerative diseases like Huntington disease (HD). Huntington disease is caused by a CAG 16 repeat expansion in the huntingtin gene and serves as a useful model for neurodegeneration due to its 17 strictly genetic origin. Research in the model organism Caenorhabditis elegans suggests that glucose 18 protects against cell stress, including proteotoxicity related to aggregation, despite the well-known, 19 lifespan-shortening effects of glucose. We hypothesized that glucose could be beneficial by 20 alleviating energy deficiency, a well-characterized phenomenon in HD, or by upregulating stress 21 resistance pathways. We used C. elegans expressing polyglutamine repeats to quantify lifespan, 22 motility, reproduction, learning, and activity of succinate dehydrogenase (SDH), with and without 23 glucose, to identify the role of glucose in proteotoxicity and neuroprotection. Our data show HD 24 worms on glucose plates exhibited shorter lifespans, no change in motility, learning, or SDH product 25 formation, but had altered reproductive phenotypes similar to dietary restriction. Additionally, worms 26 expressing toxic polyglutamine repeats were unable to learn association of food with a neutral 27 odorant. We also observed tissue-specific differences; polyglutamine appeared to be slightly more 28 toxic to muscle cells than neurons. Rather than increasing energy production, glucose appeared to 29 decrease mitochondrial metabolism, as SDH formation decreases with added glucose. Future work 30 investigating glucose-mediated neuroprotection should focus on connecting metabolism, sirtuin 31 activation, and DAF-16 activation. 32 Glucose Impacts Polyglutamine Phenotypes 3 33 Introduction 34 Protein aggregates are a shared phenotype of many fatal neurodegenerative diseases including 35 polyglutamine disorders such as Huntington disease (HD) [1]. The exact nature of cytotoxicity and 36 neuronal death in HD and other neurodegenerative diseases is currently unknown, but many 37 hypotheses have been proposed, including: loss-of-function and/or gain-of-function mutations, 38 excitotoxicity, oxidative stress, aberrant gene expression, and apoptosis [2-5]. HD provides a 39 convenient model for neurodegeneration research, as it is strictly a genetic disease caused by a 40 specific mutation: a CAG trinucleotide repeat expansion in the gene encoding the huntingtin protein 41 (HTT) [6]. HTT is expressed ubiquitously, though most abundantly in neurons, and is found within 42 the nucleus and cytoplasm of the cell. Similarly, HD-afflicted neurons exhibit intranuclear and 43 cytosolic aggregates containing mutant HTT, ubiquitin, and other proteins [7]. What role these 44 aggregates play in neurotoxicity is unclear, with competing hypotheses of deleterious and even 45 protective functions [8, 9]. Perhaps the most interesting aspect of neurodegenerative disease is the 46 delayed onset of symptoms until later in life, despite lifelong and ubiquitous expression of the mutant 47 protein [10]. This has led to research linking mechanisms of aging to aggregation diseases.
81 lifespan, motility, reproduction, SDH product formation, and learning in model organisms expressing 82 expanded (40Q), non-toxic (24Q), and threshold (35Q) polyglutamine repeats. We found that while 83 the presence of glucose failed to improve the resistance to proteotoxic stressors for poly-Q worms, 84 through the simultaneous use of multiple different polyglutamine strains of C. elegans, some tissue-85 specific differences were shown. Glucose effects on reproduction were surprising, as we saw no 86 significant effect of glucose on the brood size or egg-laying pattern of N2 animals, contrary to that 87 seen in studies using lower concentrations of glucose [14, 15] . Glucose effects on two polyglutamine 88 strains, however, mirror the reduced brood size and delayed egg-laying phenotype of worms under 89 DR conditions [20, 21] . Using a butanone food-association assay, we showed HD worms to be 90 deficient in learning, even as 1-day-old adults, before other proteotoxic phenotypes are apparent.
91 Glucose failed to have a measurable effect on this learning phenotype or on SDH activity.
92

Materials and Methods
C. elegans Strains
94 Caenorhabditis elegans strains were acquired from the Caenorhabditis Genetics Center at the 95 University of Minnesota. C. elegans strains used in this project were: the N2 Bristol (wild-type), 96 AM101 (rmls110), AM138 (rmls130), AM140 (rmls132), and AM141 (rmls133) strains. The 97 polyglutamine strains (AMXXX) express a construct that contains a polyglutamine repeat of varying 98 length tagged by yellow fluorescent protein (YFP), further differentiated by the promotor-driven 99 tissue localization. The AM101 strain has a length of 40Q and the construct is expressed pan-100 neuronally. The AM138 strain has a length of 24Q, expressed in the body-wall muscle cells. The 101 AM140 strain has a length of 35Q and is expressed in the body-wall muscle cells; interestingly, the 102 AM140 strain's polyglutamine fragment is on the verge of the toxic threshold and only older worms 145 Every day thereafter, the worm was transferred onto a new plate of the same condition. The progeny 146 on the old plates were counted after a hatching period of 24 hours. Only viable progeny were scored 147 for this experiment; unhatched eggs were excluded. This continued until no progeny were found on 148 the plate for 2 consecutive days. Data are from 3 separate trials, with n=10 worms per strain for each 172 The ability of N2 and polyQ worms to associate a normally neutral odorant (butanone) to food (E. 173 coli) was measured after exposure to the odorant in the presence of food. Parent worms were 174 transferred to new NGM or glucose plates spotted with 500µL of OP50 E. coli and allowed to 175 reproduce for 8-16 hours, then removed so that progeny were age synchronized. The learning assay 176 was performed according to previously described methods [22] . 188 As expected, the presence of a toxic polyglutamine repeat did shorten the lifespan of C. elegans.
189 Although the lifespan of the pan-neuronal 40Q worms on NGM was not significantly shortened 190 compared to N2 (Figures 1A,B ; log-rank test, p = 0.0137), there was a strong trend toward this. The 191 lifespan of the body-wall muscle 40Q strain on NGM plates was significantly shortened ( Figure 1C; 192 log-rank test, p < 0.0001). The 24Q worms had an increased lifespan on NGM plates compared to 193 N2/wildtype ( Figure 1D ; log-rank test, p = 0.003), while the 35Q worms exhibited a reduced lifespan 194 on NGM compared to the N2 lifespan ( Figure 1E ; log-rank test, p < 0.0001). 246 availability of energy, then the presence of glucose should rescue reproductive deficiency in the 40Q 247 strains.
248 The wild-type strain of C. elegans lays many eggs over a relatively short period of time (~300 over 7 249 days, Figure 3A ). The addition of a toxic polyglutamine repeat, regardless of localization, decreases 250 the brood size (Figures 3B,C) . Contrary to expectations, the addition of glucose decreased the brood 251 size in both 40Q strains (Figure 3) . However, glucose also increased the reproductive lifespan of the 252 worms, as worms on glucose plates continued to lay eggs for 1-2 days longer than worms on NGM 267 SDH product formation seemed to vary widely between strains and conditions, though there was a 268 detectable overall significant difference between groups (Figure 4 ; two-way ANOVA, F 9,20 = 2.79, p 269 = 0.026). The strain effect was the only significant effect in the model (F 4 = 3.53, p = 0.024), 271 (F 4 = 1.86, p = 0.15). Between strains, the product formation in 35Q worms was higher than in 40Q 272 worms expressing the polyQ in the same tissue (p = 0.016). This was the only statistically significant 273 pairwise comparison in the model. 284 Learning 285 As shown previously, the N2 strain of C. elegans is able to learn an artificial association between 286 food (E. coli) and a neutral odorant (butanone) ( Figure 5 ). Interestingly, in the pan-neuronal 40Q 287 strain, learning was completely abolished, indicating a novel early-life (1-day-old adult) polyQ 288 phenotype (two-way ANOVA, F 1 = 126.1, p < 0.0001). The addition of glucose had no impact on 289 learning in either strain (F 1 = 0.131, p = 0.72).
290 Fig 5. Pan-neuronal toxic polyglutamine worms show no ability to associate food with an odorant, 291 even early in life. Glucose has no effect on the ability of these or wild-type animals to learn food 292 association. Averages are shown from three independent experiments for each strain & condition. 293 Error bars indicate SEM.
294
Discussion 295 The aim of this project was to assess the glucose-dependent stress resistance of non-disease-
